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ABSTRACT 
Genetic Status of Isolated Populations of Colorado River Cutthroat Trout (Oncorhynchus 
clarkii pleuriticus) in the North Fork Little Snake River Drainage, Wyoming 
 
by 
Rachel Van Horne, Master of Science 
Utah State University, 2012 
Major Professor: Dr. Brett Roper 
Program: Fisheries Biology 
Accidental conservation isolation characterizes a situation when a barrier 
created for a non-conservation purpose happens to fragment a population that now 
holds conservation value. This study established baseline genetic structure for the 
isolated populations of Colorado River cutthroat trout in the North Fork Little Snake 
River drainage, Wyoming.  In many cases of accidental isolation, the populations above 
the barriers have limited habitat and small population sizes that make them vulnerable 
to extinction and may hold evolutionary value to the species as a whole. All the isolated 
populations in the drainage currently have high genetic differentiation among 
tributaries, low genetic diversity within each tributary, a suggestion of isolation by 
distance, and effective population sizes that are below the recommendation for long- 
term persistence.  This structure represents natural and anthropogenic influences, but 
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the presence of the human-constructed barriers in the headwater tributaries puts the 
larger core conservation group at risk into the future. Although the genetic diversities 
within the populations are low, the high genetic differentiations among populations 
suggest that each population may have its own unique contribution to the evolutionary 
value to the drainage as a whole and each is important to conserve into the future.   
(64 pages)  
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PUBLIC ABSTRACT 
Rachel Van Horne 
Over the last century native cutthroat trout populations have declined in the 
western United States. Habitat fragmentation is one of the main causes for this decline. 
Human actions such as the construction of roads, weirs, dams, and water diversions 
intersect streams and prevent the natural movement of fish. In many cases native 
cutthroat trout are now confined to headwater streams above human-created barriers. 
These barriers not only fragment the populations but also increase the risk of individual 
population extinction.  
This study established a baseline genetic structure for nine isolated populations 
of Colorado River cutthroat trout in the North Fork Little Snake River drainage, 
Wyoming. These populations have been isolated by water diversion structures since 
1964 (Stage I) and 1983 (Stage II). The isolated populations in this drainage have limited 
available habitat and current population sizes make them vulnerable to extinction. The 
genetic structure showed signs of both natural population structure and structure 
caused by isolation from the water diversions.  Although the two influences cannot be 
separated, the presence of the water diversions will have a greater effect on persistence 
of the populations into the future. This study suggests that each of the isolated 
tributaries may have its own unique contribution to the evolutionary value for the 
drainage as a whole and each is important to conserve into the future. 
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 INTRODUCTION 
Conservation through Isolation 
Over the last century the abundance and distribution of native cutthroat trout 
(Oncorhynchus clarkii) populations has declined in the western United States (Griffith 
1988; Behnke 1992; Young 1995).  The main causes for this decline are the introduction 
of non-native trout (Griffith 1988; Behnke 1992; Kershner et al. 1997; Dunham and 
Rieman 1999) and habitat fragmentation (Rieman and Dunham 2000; Novinger and 
Rahel 2003).  Native cutthroat trout persist throughout much of their historic range but 
their continued their persistence is dependent on the length of stream, amount of 
connectivity between populations, and the population size (Hilderbrand and Kershner 
2000; Cowely 2008). 
Within the intermountain west, the non-native species displacing native 
cutthroat trout include brown trout (Salmo trutta), brook trout (Salvelinus fontinalis), 
and rainbow trout (O. mykiss). Non-native trout occupy the same niche space as 
cutthroat trout and are a major source of competition and predation (Griffith 1988; 
Behnke 1992; Kershner et al. 1997; Dunham and Rieman 1999; McHugh and Budy 2005; 
Young 2008). This often reduces native trout to small remnant populations at high 
elevations (Hilderbrand 2003; Fausch et al 2006). The presence of rainbow trout is of 
special concern due to their ability to hybridize with cutthroat trout (Behnke 1992; 
Kershner et al. 1997; Young 2008). The majority of pure cutthroat trout populations now 
occur upstream of physical barriers (Thompson and Rahel 1996; Kruse et al. 2001; 
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Shepard et al. 2005). Anthropogenic actions such as the construction of road culverts, 
water diversion structures, weirs, and dams create physical fluvial barriers, which can 
allow only unidirectional downstream movement of fish (Castric et al. 2001). These 
actions not only cause habitat fragmentation, but often isolate native populations above 
with an insufficient amount of habitat and resources (Hilderbrand and Kershner 2000; 
Kruse et al. 2001; Hilderbrand 2003; Novinger and Rahel 2003; Fausch et al. 2006).  
 A major management paradigm over the past several decades has been to 
purposely isolate native populations above barriers (Hilderbrand and Kershner 2000; 
Fausch et al. 2006; Fausch et al. 2009). Isolation can be counterproductive to the long 
term viability of these populations (Hilderbrand and Kershner 2000). Therefore the 
decision to use an isolation barrier as a method of conservation is a tradeoff between 
the “degree of invasion” by non-natives versus the “degree of isolation” the population 
will face (Fausch et al. 2006; Fausch et al. 2009).  The protection of small remnant 
populations may preserve locally rare and potentially adaptive genotypes (Costello et al. 
2003; Taylor et al. 2003), while the protection of large connected populations preserves 
numbers and increases the chance of recovery in the face of stochastic events (Fausch 
et al. 2006).  
Isolation management can be applied to populations that have been previously   
isolated by human activities.  In some cases fisheries managers can use existing barriers 
(e.g. road culverts) to create permanent barriers by adjusting the outflow to prohibit 
upstream fish passage.  These scenarios are important because they allow managers to 
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use elements already existing on the landscape instead of increasing fragmentation. 
Many existing anthropogenic barriers protect pure, remnant populations from non-
natives without manager involvement. I refer to this scenario as accidental conservation 
isolation. Accidental conservation isolation implies that the barrier was created for a 
non-conservation purpose and happened to have fragmented a population that now 
holds conservation value. In the face of the native trout declines, populations that were 
accidentally conserved may be important for future of native cutthroat trout.  
 
Accidental Conservation Isolation-  
North Fork Little Snake River 
Accidental conservation isolation has occurred in the North Fork Little Snake 
River (NFLSR) drainage in Wyoming. Prior to anthropogenic manipulation the NFLSR 
drainage contained one of the largest naturally reproducing populations of Colorado 
River cutthroat trout (Binns 1977). The population in the NFLSR drainage was 
fragmented by the construction of a water diversion pipeline that segmented the 
drainage and isolated nine headwater populations.  The populations above the 
diversions are now subjected to problems associated with limited habitat and resources. 
The population sizes and the extent of habitat available above the diversions may be too 
small to support long term persistence in all stream segments (Cook et al. 2010; 
Hilderbrand and Kershner 2000). While the diversions did segment and isolate this large 
metapopulation, the isolation saved the populations above the diversions from possible 
extinction through hybridization or competition with non-natives that were introduced 
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downstream of these structures.  Almost 50 years later, the isolated populations still 
persist due to this accidental isolation. 
The current threats to these headwater populations are the genetic 
consequences of isolation and the possibility of extinction. The populations in NFLSR 
have the potential to be of evolutionary value (Fausch et al. 2009) due to the possibility 
of locally rare and potentially adaptive alleles (Costello et al. 2003; Taylor et al. 2003).  
However, in isolated populations evolutionary value decreases through time due to 
interruptions of life histories, genetic bottlenecks, and/or successful invasions by non-
natives (Fausch et al. 2009). It is important to understand how accidental conservation 
isolation affects populations and develop management actions that can preserve the 
evolutionary value of these populations.  
 
Genetic Concerns 
Isolation of populations can cause a number of genetic changes including an 
increase in differentiation among populations (Costello et al. 2003; Taylor et al. 2003; 
Wofford et al. 2005; Neville et al. 2006b), loss of genetic diversity within populations 
(Costello et al. 2003; Wofford et al. 2005), a lack of isolation by distance as genetic drift 
becomes the controlling factor in genetic differentiation (Hutchison and Templeton 
1999; Koizumi et al. 2006), population bottlenecks (Neville et al. 2006b), and reduced 
effective population sizes (Neville et al. 2006a). Stochastic events (e.i. floods, droughts, 
fires) can increase variation in population numbers (Costello et al. 2003), which can lead 
to bottlenecks (Heath et al. 2002). When a population experiences a bottleneck it is 
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likely that rare alleles are lost and common alleles become more dominant (Nei et al. 
1975; Luikart et al. 1998a).  Bottlenecks can drastically reduce the effective population 
size, which represents the genetic diversity within the breeding population (Waples 
2006). As the effective population size decreases a population is more likely to go 
extinct (Frankel and Soule 1981; Lande 1988; Luikart et al. 1998a; Williamson-Natesan 
2005). 
The purpose of this study is to establish a baseline genetic structure including 
the genetic diversity, genetic differentiation, presence of bottlenecks, and effective 
population sizes, within and among the isolated tributaries in the NFLSR drainage and to 
develop recommendations that will allow fisheries managers to protect the future of 
these isolated populations. Because of the physical natural and anthropogenic structure 
in the NFLSR drainage, I expect populations isolated by the water diversions to show 
significant genetic differentiation. While I expect the differentiation between the 
populations to be high, I also expect the genetic diversity to be low within the isolated 
populations due to the lack of available habitat, the limited chance of migration, and 
small population sizes over multiple generations. I expect that bottlenecks have 
occurred in the isolated populations due to a lack of available upstream habitat and the 
small population sizes in the NFLSR drainage.  Lastly, I expect the tributaries with the 
least amount of available habitat to have the lowest effective population sizes and a 
limited chance for long term persistence.    
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In cases of accidental conservation isolation the amount of habitat available is 
often far less than would be recommended for long-term persistence (Hilderbrand and 
Kershner 2000). These isolated tributaries also represent the spatial scale at which most 
isolation management occurs (<10 km of available habitat; Harig and Fausch 2002). It 
has been recommended that isolation management only be used as a short term 
solution (Hilderbrand and Kershner 2000; Fausch et al. 2006; Fausch et al. 2009). 
However, short term has not been defined. The establishment of baseline genetic 
structure will show the current state of these isolated populations and guide managers 
in conserving these populations into the future. 
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METHODS 
Study Species and Study Area 
Colorado River cutthroat trout are native to the upper Colorado River drainage 
including the Yampa, Green, Gunnison, Dolores, and San Juan rivers (Behnke 1992). 
Colorado River cutthroat trout inhabit only 8-13% of their former range (Hirsch et al. 
2006; Young 2008). Due to low population numbers, in 1999, a petition was filed to list 
Colorado River cutthroat trout as a threatened or endangered species. However, the 
U.S. Fish and Wildlife Service denied this petition. The U.S. Forest Service has listed 
Colorado River cutthroat trout as a species of special concern within their native range 
in Utah, Wyoming, and Colorado (Young 2008).  The Wyoming Game and Fish 
Department has given it a ‘Native Species Status,’ that recognizes the remaining 
populations are isolated or exist in low densities (Wyoming Game and Fish Commission 
2001).  
My study area is in the headwaters of the North Fork Little Snake River (NFLSR) 
in the Sierra Madre range on Medicine Bow National Forest, Wyoming (Figure 1). The 
NFLSR is in the Green River sub-basin. The headwaters of the NFLSR form on the west 
side of the Continental Divide (approximately 3050 meters above sea level) and join the 
Little Snake River at approximately 2100 meters above sea level with an average 
gradient of 4.6% (Wesche et al. 1985).  
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Figure 1: North Fork Little Snake River Study Area: A study site resides above each water 
diversion structure (pink stream segments) on Standard, West Branch, Rabbit, Harrison, 
Deadman, Third, Ted, Rhodine, and NFLSR. Green circles represent the Stage I diversions 
and orange circles represent Stage II diversions. Solomon Creek is not in my study 
because there are no Colorado River cutthroat trout present above the diversion 
structure. 
 
 
9 
 
 
 
The NFLSR drainage has many natural geologic barriers that may impede fish 
movement. In this high gradient system the populations in the NFLSR drainage were 
most likely formed from many founder and extinction events. On the main stem of the 
NFLSR below the confluence with West Branch there is a major waterfall barrier (NFLSR 
waterfall).  The NFLSR waterfall was most likely a partial fish barrier, but still allowed 
some fish passage (Figure 1). On West Branch between Rabbit Creek and Standard Creek 
there is another major waterfall (West Branch waterfall) which is a permanent fish 
barrier (Figure 1). It is unknown if or when fish got above the West Branch waterfall. On 
Rhodine Creek there is a 1m waterfall which marks the upper end of fish distribution in 
that tributary. Solomon Creek has a major cascade in which there are no fish found 
above. There are also many minor natural barriers throughout the drainage, such as 
cascades and waterfalls, that may be seasonal movement barriers on Deadman, Ted, 
and Third (Nathan Cook; personal communication). The gradient and geologic structure 
of NFLSR drainage creates a situation for fish populations to be highly genetically 
structured prior to any anthropogenic disturbance. 
The NFLSR drainage once contained one of the largest continuous populations of 
Colorado River cutthroat trout (Binns 1977) and has since undergone many phases of 
anthropogenic manipulation. In the 1950’s Cheyenne, Wyoming obtained water rights 
and constructed a water diversion pipeline with a diversion structure crossing each 
tributary in the NFLSR drainage. The construction of the water diversions happened in 
two stages, in 1964 (Stage I) diversions were built on NFLSR and Ted Creek and in 1983 
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(Stage II) diversions were constructed on West Branch, Standard, Rabbit, Solomon, 
Deadman, Harrison, and Third (Figure 1).  The water diversion structures isolated 
populations in small headwater tributaries.  
Stocking of non-natives (rainbow trout and Yellowstone cutthroat trout (O. c. 
bouvieri; subspecies)) occurred downstream of the diversion structures and lead to 
hybridization with the Colorado River cutthroat trout. The hybridization and invasion 
risk below the diversions has been reduced through non-native removal projects and 
the construction of two weirs, one on West Branch and one on NFLSR, to prevent 
further upstream migration of non-natives (Figure 1). In 2008 to prevent upstream 
movement of non-natives the NFLSR waterfall was dynamited to make it a permanent 
fish passage barrier. Above the NFLSR waterfall and below the weirs rainbow trout have 
still been found (in 2010, Shawn Anderson, personal communication).  
All of the anthropogenic manipulation that has occurred below the diversion 
structures has been done to restore pure populations of Colorado River cutthroat. 
During the stocking and removal process the historic genetic legacy of the Colorado 
River cutthroat below the diversions may have been lost. This leaves the pure 
populations above the diversions the true remnant populations in the system. In 2008, it 
was determined that the cutthroat trout above the barriers were genetically pure (Cook 
2009).  In order to evaluate other genetic consequences of this isolation I sampled 
above the water diversion structures in nine isolated tributaries (NFLSR, West Branch, 
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Standard Creek, Rabbit Creek, Harrison Creek, Deadman Creek, Third Creek, Ted Creek, 
and Rhodine Creek (Figure 1)). 
Sample Collection 
Genetic samples were collected in 1999 and between 2007 and 2009.  Collection 
was done by me, Nathan Cook (University of Wyoming), and individuals working for the 
Wyoming Game and Fish Department and the U. S. Forest Service.  Fish were captured 
in each tributary via backpack electroshockers.  All collection effort started from the 
diversion barriers and moved upstream until the stream entered sub-terrain flow or fish 
were no longer present.  All age classes were sampled and no more than one fish was 
collected from each pool or riffle to prevent selecting family groups (Hansen et al. 
1997). A 1 cm2 tissue sample was collected from the caudal fin. The tissue samples were 
stored in 70% isopropyl alcohol in 10 ml vials. Thirty to 60 fish were sampled per stream 
over the 3-year period. A coordinate from a handheld Geographical Positioning System 
(GPS) unit was taken at the capture location for each fish from which tissue was 
collected. 
 
Marker Identification & Sample Preparation  
Tissue samples were sent to Pisces Molecular (Boulder, Colorado, USA) for 
analysis. Microsatellite markers were used from Pritchard et al. (2007) who isolated 12 
loci from Rio Grande cutthroat trout (O. c. virginalis; subspecies) and rainbow trout and 
Robinson et al. (2009) who isolated 13 loci from Lahontan cutthroat trout (O. c. 
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henshawi; subspecies). The microsatellites from both studies amplified with Colorado 
River cutthroat trout DNA.  The DNA from these samples was extracted using a spin-
column DNA purification procedure (Qiagen DNeasy) according to the manufacture’s 
protocol for animal tissue. A subset of samples was selected to determine which loci 
would amplify with my NFLSR samples. Fifteen loci amplified and were polymorphic in 
my NFLSR samples (Table 1). 
 
Table 1: The fifteen microsatellite loci that amplified with my NFLSR samples. These loci 
will be used to perform the genetic analysis.   
# Source Locus Dye Base pair # Alleles per Locus 
1 Pritchard et al.  K222 FAM 130-138 2 
2 Pritchard et al.  H118 FAM 161-170 2 
3 Pritchard et al.  J132 FAM 178-201 4 
4 Pritchard et al.  H18 FAM 201-217 5 
5 Pritchard et al.  H126 FAM 207-220 2 
6 Pritchard et al.  K216 FAM 217-229 4 
7 Pritchard et al.  J14 FAM 219-223 2 
8 Pritchard et al.  H114 FAM 230-242 4 
9 Robinson et al. OCH30 FAM 123-149 3 
10 Robinson et al. OCH32 HEX 176-209 4 
11 Robinson et al. OCH18 FAM 180-202 4 
12 Robinson et al. OCH27 HEX 210-225 4 
13 Robinson et al. OCH21 FAM 265-292 3 
14 Robinson et al. OCH20 HEX 266-299 6 
15 Robinson et al. OCH29 HEX 276-313 4 
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Molecular Analysis 
Polymerase chain reactions (PCR) were carried out by Pisces Molecular following 
Pritchard et al. (2007) and Robinson et al. (2009).  Three fluorescently labeled M13 
primers (FAM, HEX, or NED) were used to label the PCR amplicons (a piece of DNA 
formed through the PCR process), allowing for five triplex (3 color) fragment analyses in 
later steps. The diluted PCR products were run on an ABI3130 Genetic Analyzer using a 4 
capillary 36cm array, and POP7 polymer. Fragment presence and size data were scored 
using GeneMapper® 4.0 (Applied Biosystems, Foster City, CA, USA).   
 
Statistical Analysis 
I used the program GENEPOP 4.0 (Raymond and Rousset 1995) to calculate 
population deviation from Hardy-Weinberg equilibrium using an exact probability test in 
which p-values were estimated using the complete enumeration method. I performed a 
Bonferroni correction to adjust the p-values to evaluate statistical significance at a p-
value of 0.05 (Rice 1989).  
I also used GENEPOP 4.0 (Raymond and Rousset 1995) to perform a log 
likelihood ratio test (G-test) to test the null hypothesis of independence of genotypes 
between all pairs of loci. A contingency table was created for all pairs of loci in each 
sample then a G-statistic computed using the Markov chain method (Rousset 2008). A 
significant G-test suggests (p-value < 0.05) loci are not independent.  
I used STRUCTURE (Pritchard et al. 2000) to determine whether there is 
structure within the isolated tributaries and describe the overall population structure in 
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the NFLSR drainage. The STRUCTURE program (Pritchard et al. 2000) uses Bayesian-
based assignment testing at the individual level to determine whether allele frequencies 
are randomly distributed throughout the drainage. STRUCTURE calculates likelihoods of 
different groups (K) by placing individuals in groups that maximize the fit of the data to 
the expectations derived from Hardy-Weinberg and linkage equilibrium. For the 
individuals in each tributary, I ran K=1-4 with a burn-in of 100,000 iterations followed by 
100,000 Markov chain Monte Carlo (MCMC) iterations. For overall drainage structure, I 
ran K=1-14 with a burn-in of 150,000 iterations followed by 150,000 MCMC iterations. 
Because there is no prior knowledge of the genetic structure in this drainage, I used the 
admixture model with all other parameters set to the default (Pritchard et al. 2010). The 
admixture model allows the individuals to come from any one or more of the K groups. 
The best K was chosen based on the Pr(K|X) value closest to one (Pritchard et al. 2010).   
To determine the structure of the NFLSR drainage, I performed Unweighted Pair 
Group Method with Arithmetic Mean (UPGMA) using Tools for Population Genetic 
Analyses (TFPGA; Miller 1997), which is an analysis to construct a population 
dendrogram. UPGMA is a way to draw genetic trees based on a genetic distance matrix 
which uses a priori population structure. The tree was estimated based on Nei (1972) 
genetic distances bootstrapped over loci (2000 iterations). 
I performed linear regression analysis to determine if stream length, population 
size, and/or effective population size were contributing factors of genetic diversity 
(heterozygosity) in the isolated tributaries of the NFLSR drainage.  
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I used Arlequin (Excoffier and Lischer 2010) to performed an analysis of 
molecular variance (AMOVA; Excoffier et al. 1992), which included the FIS, an estimation 
of the reduction in heterozygosity due to nonrandom mating in subpopulations, FST, an 
estimation of the reduction in heterozygosity due to random genetic drift among 
subpopulations, and FIT, an estimation of the reduction in heterozygosity in the total 
sample. I also used Arlequin (Excoffier and Lischer 2010) to calculate pairwise 
population FST values (Reynolds et al. 1983; Slatkin 1995), where the null hypothesis is 
that there is no difference between populations.   
As previously stated, in isolated populations genetic diversity can be lost within 
the population while genetic differentiation can increase among populations (Costello et 
al. 2003; Taylor et al. 2003; Neville et al. 2006a).  In order to determine gene flow or 
genetic drift is the driving influence in the NFLSR drainage I performed a Mantel test 
using the ISOLDE program in GENEPOP (permutations= 10,000) (Raymond and Rousset 
1995) to characterize the correlation between genetic distance and stream distance 
among tributaries. Stream distances between tributaries were calculated using 
Geographic Information System (GIS) program ArcGIS 9 (version 9.3.1; ESRI). The null 
hypothesis is that there is no correlation between stream and genetic distance among 
pairs of populations. A significant p-value signifies that the regression slope is not zero 
and some form of isolation by distance is occurring.   
I used the program BOTTLENECK (Piry et al. 1999) to determine the presence of 
bottlenecks within the isolated tributaries. This software uses allele frequency 
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distributions to detect reductions in effective population size within the last 40-80 
generations (Luikart et al. 1998b). If a recent bottleneck has occurred there should be an 
excess of heterozygotes due to the lost of rare alleles (Piry et al. 1999). BOTTLENECK 
(Piry et al. 1999) tests for an excess of heterozygosity. Microsatellites usually evolve 
through a step-wise mutation model (SMM); however some mutations can result 
through an infinite allele mutation model (IAM). To account for this, I used the two-
phased model (Di Rienzo et al. 1994; Piry et al. 1999) with 90% Stepwise Mutation 
Model (SMM) which is the proportion suggested for microsatellites by Luikart et al. 
(1998a). To test significance of the presence of a bottleneck I used the Wilcoxon’s sign-
rank test (p-value<0.05) due to my limited number of loci (as suggested by Piry et al. 
(1999)).   
I then used the program AGARst (Harley 2001) to perform Garza and 
Williamson’s (2001) M-ratio test to detect the signature of a recent bottleneck. The M-
ratio tests for altered patterns in allelic size distribution. This is a ratio (M) of the 
number of alleles present to the range in allele sizes in base pairs.  Literature suggests 
M<0.68 to indicate a probable bottleneck as the cutoff for detection of a bottleneck 
(Garza and Williamson 2001; Shrimpton and Heath 2003). Concurring results from these 
two tests strengthens the argument of bottleneck presence (Pearse and Crandall 2004). 
BOTTLENECK (Piry et al. 1999) is better at detecting recent small bottlenecks whereas 
the M-ratio is more likely to detect historic bottlenecks that may have been larger and 
lasted several generations (Cristescu et al. 2010). 
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To estimate effective population size I used LDNe (Waples and Do 2008) which 
uses linkage disequilibrium method (Hill 1981) to calculate the correlation coefficient 
between all alleles at all loci. This approach incorporates a correction for biased 
estimates when there is potential for the sample size being less than the effective 
population size (Waples 2006). I used the 95% confidence interval (CI) jackknifed on loci 
option in LDNe to determine the CI for the effective population size estimates (Waples 
and Do 2008).   
I used ONeSAMP (Tallmon et al. 2008) to obtain a secondary estimate of the 
effective population size and associated confidence intervals.  The ONeSAMP approach 
uses approximate Bayesian computation in which the mutation rate (theta) is calculated 
from the following summary statistics: the number of alleles divided by allele length 
range (Garza and Williamson 2001), the difference of the natural logarithms of variance 
in allele length and heterozygosity (King et al. 2000), expected heterozygosity (Nei 
1987), number of alleles per locus, Wright’s FIS (Nei 1987), the mean and variance of 
multilocus homozygosity, and the square of the correlation of alleles at different loci 
(Hill 1981). ONeSAMP then creates 50,000 simulated populations based on the range of 
thetas that are computed.  The assumptions for both programs are closed populations, 
unlinked loci, and discrete generations. In this case, there are overlapping generations 
so the effective population estimate represents the effective number of breeders per 
year (Waples and Do 2008). 
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RESULTS 
 
Locus Specific Results 
 After analyzing the samples from nine putative populations representing each of 
the isolated tributaries and using all 15 loci it was determined that there were 
deviations from Hardy-Weinberg equilibrium at 6 of the 15 loci. None of these 
deviations occurred within more than two populations except for locus OCH30; for this 
locus seven out of nine populations violated Hardy-Weinberg equilibrium (Table 2). Due 
to the deviations at locus OCH30, it was dropped from all future analysis.  Of the six 
populations with Hardy-Weinberg equilibrium deviations five of them show evidence of 
heterozygote deficiencies ranging from FIS= 0.0543 (Ted, OCH29) to FIS= 0.7772 (Third, 
H114) (Table 2). Only one population with Hardy-Weinberg equilibrium deviation 
showed heterozygote excess (Rabbit, K126= -0.5051) (Table 2). The samples showed 
little evidence of major genotypic linkage disequilibrium with only 4% of the possible 
combinations of loci in linkage disequilibrium (33 out of 819).  Linkage disequilibrium 
occurred in 28 combinations of loci. No locus pair had more than three populations in 
linkage disequilibrium. 
 
Drainage Structure 
 Each tributary was analyzed for population substructure. Of the nine tributaries, 
NFLSR, Third, and Ted show in-stream structure (Table 3). Third, Ted, and NFLSR each 
showed evidence of three subpopulations (Figure 2).  The subpopulations within each of 
19 
 
 
 
these tributaries were not stratified along a geographic stream gradient. Due to the 
small sample size within each of the subpopulations and their lack of geographic 
structure there may be a cohort effect within the samples.  
 
Table 2: Deviations from Hardy-Weinberg Equilibrium (HWE) after Bonferroni 
adjustment, where # Sig. Pops. represents the number of populations that deviate from 
HWE with p-value > 0.05, FIS values represents the value of heterozygote excess or 
deficiency for the population that deviated from HWE, and Significant population shows 
which population has deviated from HWE at that locus.     
Locus 
# Sig. 
Pops 
FIS Values Significant 
Population Deficiency Excess 
H114 1 0.7772 
 
Third 
H118 0 
   H126 0 
   H18 1 0.5369 
 
Standard 
J132 0 
   J14 0 
   K216 2 0.0659 -0.5051 NFLSR, Rabbit 
K222 0 
   OCH18 0 
   OCH20 1 0.3895 
 
West Branch 
OCH21 0 
   OCH27 0 
   OCH29 1 0.0543 
 
Ted 
OCH30 7 
   OCH32 0 
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Table 3: STRUCTURE (Pritchard et al. 2000) analysis of within tributary structure. Pr(K|X) 
represents the probability of  K being the number of populations given X.  
Pr(K|X) 
K Deadman Harrison NFLSR Rabbit Rhodine Standard Third Ted West Branch 
1 1 0.786 ~0 0.802 1 0.894 ~0 ~0 1 
2 ~0 ~0 ~0 ~0 ~0 0.033 ~0 ~0 ~0 
3 ~0 0.214 1 0.014 ~0 0.007 1 1 ~0 
4 ~0 ~0 ~0 0.184 ~0 0.066 ~0 ~0 ~0 
 
 
The model STRUCTURE (Pritchard et al. 2000) identified thirteen populations 
(K=13; Table 4). The within-stream structure from the individual tributary analysis is still 
present when all individuals are included. The populations were mostly structured by 
tributary. Harrison, Standard, Rabbit, and West Branch each were identified as 
independent populations (Figure 3). Third and Ted show within stream structure 
described previously, but the entire drainage analysis suggests only two populations are 
represented (Figure 3).  
Only the individuals between NFLSR and Rhodine are highly intermixed as there 
is no diversion structure isolating these two tributaries from each other (Figure 1). 
Because NFLSR and Rhodine Creek are the only streams without a barrier separating 
them, when structure analysis was completed on just the NFLSR and Rhodine Creek the 
best model was when K=3.  The three groups were heavily intermixed suggesting there 
is significant movement between the tributaries (Table 5; Figure 4).  
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A.) NFLSR 
 
B.) Third 
 
C.) Ted 
 
 
Figure 2: Using STRUCTURE (Pritchard et al. 2000) frequency of assignment of 
individuals when K=3 for samples from A)NFLSR, B) Third, C) Ted showing within 
tributary structure, were calculated where each color represents a population (K). 
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Table 4: STRUCTURE (Pritchard et al. 2000) analysis of among tributary structure. 
Pr(K|X) represents the probability of  K being the number of populations given X.  
K lnPr(X|K) Pr(K|X) 
1 -9240.4 0 
2 -8245 0 
3 -7746.1 0 
4 -7449.1 0 
5 -7176 0 
6 -7023.2 ~0 
7 -6719.8 ~0 
8 -6572.2 ~0 
9 -6558.78 ~0 
10 -6504.02 ~0 
11 -8106.52 0 
12 -6444.57 ~0 
13 -6394.95 1 
14 -6460.8 ~0 
 
 
The population dendrogram created from UPGMA analysis had very low 
bootstrap values for most of the node assignments and are likely not valid.   The nodes 
that have high enough bootstrap values to be considered valid show congruence 
between the relatedness of the tributaries and there geographic distance.  NFLSR and 
Rhodine were assigned as the two most closely related populations (0.0375, bootstrap 
value= 0.97; Figure 5). Deadman and Ted are the second most closely related 
populations (0.0736, bootstrap value= 0.57; Figure 5).  West Branch and Standard are 
grouped separate from the NFLSR tributaries with the greatest genetic distance (0.3155, 
bootstrap value= 1.00; Figure 5). 
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Table 5: STRUCTURE (Pritchard et al. 2000) analysis of within tributary structure for 
NFLSR and Rhodine Creek. Pr(K|X) represents the probability of  K being the number of 
populations given X. 
K lnPr(X|K) Pr(K|X) 
1 -1718.6 ~0 
2 -1644.35 ~0 
3 -1630.75 0.999998 
4 -1644.6 ~0 
5 -1664.5 ~0 
 
 
 
 
Figure 4: Frequency of assignment of individuals when K=3 for individuals from NFLSR 
and Rhodine. 
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Figure 5: UPGMA cluster analysis using Nei (1972) distance (TPGFA; Miller 1997). 
Bootstrap values are represented at each node in the tree.    
 
Across all tributaries the genetic diversity (He) is relatively low (Table 6). West 
Branch and Standard have the lowest genetic diversity and NFLSR and Rhodine have the 
highest genetic diversity. Expected heterozygosity ranged from 0.18 (Standard and West 
Branch) to 0.46 (Rhodine) (Table 6).  Standard and West Branch had the lowest expected 
heterozygosity (0.18-0.26) and had the most fixed alleles. In contrast, Deadman, NLFSR, 
Rhodine, and Ted had the highest expected heterozygosity (0.39-0.46) and an average 
of less than 2 fixed loci per population.  
The factor with the most influential impact on the genetic diversity within the 
tributaries in the NFLSR drainage was the length of stream available above the barriers 
(Figure 6a).  The extremely low heterozygosity in both West Branch and Standard was 
26 
 
 
 
likely due to isolation by the West Branch waterfall, a long-term geologic barrier that 
occurred before the isolation by the water diversions. Because the West Branch 
waterfall has prevented upstream movement of fish it is likely that genetic drift has 
been acting on West Branch and Standard outside of the realm of the diversion 
construction. It is assumed that movement was possible in the rest of the drainage prior 
to the diversions because of the FST relationships among the other tributaries. 
The linear regression analysis comparing genetic diversity and stream length was 
nonsignificant when all populations were included (Figure 6a; P=0.74). The model 
including West Branch and Standard would suggest that there is a decrease in genetic 
diversity as stream length increases. West Branch and Standard are the observations 
that make the slope of the regression negative.  These observations should be treated 
as outliers in that a long-term natural barrier has isolated these populations before the 
construction of the diversion structures. If West Branch and Standard Creek are 
removed,  the relationship between genetic diversity and stream length was significant 
(P=0.043) with a positive slope, suggesting that there is an increase in genetic diversity 
as stream length increases (Figure 6a). 
The other factor I hypothesized to be impacting the genetic diversity within the 
tributaries in the NFLSR drainage was the tributary’s population size (Cook et al. 2010). 
The regression analysis with all populations included was nonsignificant (Figure 6b; 
P=0.633). As with stream length, including West Branch and Standard made the slope of 
the regression negative suggesting a decrease in genetic diversity as population size 
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Figure 6: Potential factors affecting genetic diversity in the NFLSR drainage. a.) Expected 
heterozygosity vs. stream length (P= 0.74 when all streams are included (dashed line); 
P=0.043 when West Branch and Standard were not included (solid line)). b.) expected 
heterozygosity vs. population size (P=0.633 when all streams are included (dashed line); 
P=0.077 which West Branch and Standard were not included (solid line)).  
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Increases.  When West Branch and Standard Creek were excluded from the regression 
(for the reason listed above) the relationship between genetic diversity and population 
size was marginally significant (Figure 6b; P=0.077) suggesting population size may be a 
controlling factor of genetic diversity in the NFLSR drainage.  
 The tributaries in the NFLSR drainage are very highly genetically differentiated 
(Table 7).  The highest pairwise FST values occurred between West Branch and Standard 
and the remaining NFLSR tributaries; Rabbit, Deadman, Harrison, NFLSR, Rhodine, Third, 
and Ted (Table 7). The lowest pairwise FST value occurred between NFLSR and Rhodine 
and although the FST value was statically significant, the structure analysis shows that 
these two populations are intermixed and the differentiation may not be biologically 
meaningful because individuals are able to move between the two tributaries. Rabbit 
Creek (West Branch tributary) has FST values ranging from 0.099 (Rhodine) to 0.414 
(Third). Rabbit creek is more closely related to NFLSR, Rhodine and Ted than to the West 
Branch tributaries (West Branch and Standard) even though Rabbit Creek is a West 
Branch tributary.   
The Mantel test indicated that in the NFLSR drainage there is a significant 
correlation between FST /(1- FST) and geographic distance (R
2=0.199; P=0.019) (Figure 7). 
Figure 7 shows two distinct groups of contrast. The left half of the graph, populations 
with small stream distances between them, have minimal scatter suggesting that gene 
flow is the influencing factor at shorter distances. The right half of the graph, comparing 
the West Branch to the NFLSR tributaries, has considerable variance suggesting that 
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genetic drift is the influencing factor at these distances. When the Mantel test was 
performed on just the NFLSR tributaries (Deadman, Harrison, Third, Ted, Rhodine, and 
NFLSR) there is little significant evidence of an isolation-by-distance pattern (P=0.116; 
Figure 8).  
 
Bottleneck 
 Based on the results from BOTTLENECK (Piry et al. 1999), Rhodine Creek is the 
only population that has experienced a bottleneck (P=0.028; Table 8).  Harrison Creek 
shows signs of a bottleneck (P=0.065), that has either nearly recovered or was so recent 
the effects of the bottleneck were minimally detected through this test (Luikart et al. 
1998a). Garza and Williamson’s (2001) M-ratio results indicated no bottlenecks present 
within any of the populations in the NFLSR drainage with M values ranging from 0.775 
(Ted)-0.896 (West Branch). The lack of evidence of a bottleneck from the M-ratio test 
within Rhodine Creek does not agree with the finding from the BOTTLENECK (Piry et al. 
1999), which was highly significant. 
 
Effective Population Size 
The effective population sizes estimated using genetic tools such as LDNe 
(Waples and Do 2008) and ONeSAMP (Tallmon et al. 2008) do not differ dramatically  
from  effective population estimates in  Cook et al. (2010; Table 9). There is overlapping 
confidence intervals in 6 of the 8 populations. Cook et al. (2010) grouped the individuals 
in Rhodine and NFLSR as one stream segment in their study; therefore the NFLSR  
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Figure 7: Isolation by distance analysis from ISOLDE program in GENEPOP (Raymond and 
Rousset 1995). The correlation between FST /(1- FST) and natural log of geographic 
distance, where the regression equation is 0.1468x+0.1509 (R2=0.1994; P-value=0.019).  
 
population based effective population size estimates from Cook et al. (2010) are higher 
than the effective population sizes estimated in this study due to the inclusion of 
individuals from Rhodine Creek (Table 9).  Based on the effective population size 
estimates from LDNe (Waples and Do 2008), 4 of the nine populations have confidence 
intervals that include 50 or more individuals. Of those, only one population (Standard 
Creek) has a confidence interval that has greater than 500 individuals (Table 9). Based 
on estimates of the effective population size using ONeSAMP (Tallmon et al. 2008), only 
two of the nine populations have confidence intervals that include greater than 50 
individuals.  
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Figure 8: Isolation by distance analysis for just the NFLSR tributaries (Deadman, 
Harrison, Ted, Third, NFLSR, and Rhodine) from ISOLDE progtam in GENEPOP (Raymond 
and Rousset 1995). The correlation between FST /(1- FST) and geographic distance, where 
the regression equation is y= 0.0314x+0.118 (r2=0.2474; P-value=0.1159). 
 
 
Cook et al. (2010) based their effective population size estimations on calculations of 
Ne/N ratios of 0.5 and 0.2. I calculated Ne/N ratios using the mean effective population 
estimate (from LDNe and ONeSAMP) and the mean adult population estimate (Cook et 
al. 2010), the Ne/N ratios ranged from 0.02 (West Branch)-1.31 (Harrison).  Using the 
LDNe estimates, seven of the nine populations had Ne/N ratios less than 20 percent. 
Using the ONeSAMP estimates, four of the nine populations had Ne/N ratios less than 
20 percent. West Branch, which has the most available habitat (6.1km) and the largest   
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Table 8: BOTTLENECK (Piry et al. 1999) results under the two-phase model and M-ratio 
results (Garza and Williamson 2001). Bold is significant, Italics is marginally significant. 
 
BOTTLENECK (Piry et al. 1999) AGARst (Harley 2001) 
 
Wilcoxon Test M (Garza & 
Williamson 2001) Streams P-value [Pr(H excess)] 
Deadman 0.48291 0.846 
Harrison 0.06470 0.789 
NFLSR 0.29150 0.846 
Rabbit 0.16016 0.868 
Rhodine 0.02869 0.867 
Standard 0.37109 0.813 
Third 0.21582 0.828 
Ted 0.31775 0.775 
West Branch 0.76953 0.896 
 
 
population estimate (628 individuals), has the lowest Ne/N ratio of 0.02. Harrison Creek, 
which has the least available habitat in the drainage (0.85km) and the smallest 
population estimate (15 individuals), has the largest Ne/N ratio of 1.31. While most of 
the Ne/N ratios were very similar between the ONeSAMP and the LDNe effective 
population estimates, the Ne/N ratios for Standard and Third Creek varied drastically 
when comparing Ne/N estimates from ONeSAMP and LDNe (Table 9).   
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DISCUSSION 
This study was intended to establish baseline genetic structure of the Colorado 
River cutthroat trout populations that reside above the water diversions in the North 
Fork Little Snake River drainage.  Like most cases of accidental conservation isolation, 
there is no pre-monitoring data since the techniques used had yet to be established 
when the diversions were built and the importance of these populations were 
overlooked until the species as a whole became of concern.  As such the genetic status 
of the population in the NFLSR drainage prior to anthropogenic manipulation is 
unknown. If accidental conservation isolation had not occurred it is very likely the 
historic genetic status would still be unknown since genetically pure populations in the 
NFLSR drainage would likely have been extirpated due to invasion and ingression with 
non-native trout.  While these water diversion structures eliminated the threat of 
invasion in the short term, they have left the populations above vulnerable to the 
effects of small populations and isolation over the long-term.  
The exact interaction of natural factors and how they influenced the genetic 
structure of these populations prior to human fragmentation are unknown. These 
factors include population establishment through founder and extinction events, natural 
segmentation of populations by barriers within the drainage, and presence of migratory 
life histories. The interaction of these factors on the genetic structure has formed the 
genetic legacy of the drainage. This genetic legacy may have been confounded by the 
recent presence of the water diversions which are acting outside of the natural 
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interactions within the drainage. The populations above the diversions represent the 
genetic legacy in the NFLSR drainage and may provide evolutionary value to the species 
as a whole.  
The current genetic structure of the populations in the NFLSR drainage can be 
used to assess the evolutionary value of the small isolated populations. The tributaries 
in the NFLSR drainage exhibit a genetic structure that is associated with both 
anthropogenic and natural fragmentation to varying degrees. The populations currently 
have high differentiation among tributaries, low genetic diversity within tributaries, a 
suggestion of isolation by distance, and effective population sizes that are below the 
recommendation for long term persistence.  Although this structure represents natural 
and anthropogenic influences, the presence of the human constructed barriers in the 
headwater tributaries puts the larger core conservation group at risk into the future. 
Regardless of historic connectedness in the NFLSR drainage, for the foreseeable 
future the populations above the diversion structures will continue to be isolated from 
each other. All tributaries are subjected to the same effects from the lack of movement 
between streams but they differ in the amount of stream above the diversion. In all 
cases the stream length above the diversion structures for each of the study streams is 
far less than the amount recommended by Hilderbrand and Kershner (2000).  
Even when the amount of stream available is within the guidelines (>8 km of 
stream; Hilderbrand and Kershner 2000) natural geologic factors can cause the genetic 
diversity to be very low. West Branch is an example of this. West Branch has the most 
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available habitat above the diversion (6.1km) but the lowest genetic diversity (Table 6; 
Figure 6a). The low genetic diversity was likely caused by the West Branch waterfall on 
the main stem of West Branch between Rabbit and Standard.  This natural barrier has 
isolated fish for much longer than the human constructed diversion. In contrast, the 
populations in NFLSR and Rhodine have the highest genetic diversities presumably 
because they are still able to intermix (Table 6, Figure 4).   The genetic diversities within 
the populations in the NFLSR drainage are low overall and will likely diminish as a 
function of the length of stream above the diversions if isolation continues (Figure 6a).  
In an unobstructed riverine system a natural genetic gradient is expected to be 
observed as the geographic distance between populations increase. Within the NFLSR 
this pattern is affected by the natural barrier separating West Branch and Standard from 
the rest of the drainage (Figure 7). However the remaining tributaries of the NFLSR- 
Deadman, Harrison, NFLSR, Rhodine, Third, and Ted do not strictly follow an isolation-
by-distance pattern either.  The diversion structures may be affecting the genetic 
diversity and population structure in the NFLSR drainage by preventing gene flow 
among the tributaries. Although there is a slope to the regression, suggesting some gene 
flow is present, the slope is nonsignificant (Figure 8).  With continued isolation, lack of 
available upstream habitat, and small population sizes, there will likely be a continued 
decline in genetic diversity and an increase in genetic differentiation through time 
further degrading the isolation by distance pattern.  
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The pattern observed in the NFLSR drainage of limited genetic diversity within 
individual tributaries and high differentiation among tributaries has been found 
elsewhere (Carlsson et al. 1999; Carlsson and Nilsson 2001; Koizumi et al. 2006; Neville 
et al. 2006b). The high genetic differentiation among tributaries is likely a function of 
the anthropogenic and natural geologic barriers in combination with fish exhibiting 
different life histories prior to isolation.  In the absence of the water diversions it is likely 
that the genetic differentiation would be high among tributaries given the natural 
geologic barriers and gradient of the system.  
The natural waterfall on West Branch may have affected the genetic diversity in 
West Branch and Standard by limiting if not preventing upstream fish movement. This 
lack of movement over a long time scale may have caused the significantly 
differentiation between West Branch and Standard and the rest of the NFLSR drainage 
(Table 7), much longer than the timescale of the diversions. Differentiation between 
these two tributaries could be due to effects from the diversions but also be due to 
natural structuring within the drainage.  
In contrast to West Branch and Standard, NFLSR and Rhodine have only been 
isolated since the construction of the Stage I diversion in 1964. North Fork Little Snake 
River (NFLSR) and Rhodine are the only two tributaries in the drainage that are not 
currently isolated from each other. Downstream of their confluence the recent barrier 
(Stage I diversion) is preventing the upstream migration of fish into these tributaries and 
limiting the populations to 5.9 km of stream between the two tributaries (Table 6). 
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While they are significantly differentiated from each other (FST =0.02), this difference 
may not have biological consequences. The STRUCTURE (Pritchard et al. 2000) analysis 
shows that NFLSR and Rhodine are heavily intermixed.  This putative genetic structure 
coincides with finding presented by Young (2011) who found fish movement between 
Rhodine and NFLSR. This suggests that on a small spatial scale in the absence of barriers 
there may be enough movement in the drainage to prevent a loss of genetic diversity 
(Mills and Allendorf 1996; Young 2011).  The movement between NFLSR and Rhodine 
may represent the reference condition in drainage prior to the diversion construction 
suggesting both resident and fluvial life histories.  
Rabbit Creek may also represent how life histories have led to population 
structuring in the absence of the diversions. Differentiation analysis shows that Rabbit 
Creek is most closely related to NFLSR, Rhodine, and Ted than to any other tributaries in 
the drainage. While the West Branch waterfall explains why Rabbit Creek is highly 
differentiated from West Branch and Standard Creek there is no geological explanation 
for why Rabbit Creek would be more genetically differentiated from Harrison (FST =0.32) 
and Third (FST =0.41) than NFLSR (FST =0.15), Rhodine (FST =0.09), and Ted (FST=0.15). The 
relationship between Rabbit Creek and the NFLSR tributaries suggests that there may 
have been significant fish movement from the upper end of the NFLSR drainage to 
Rabbit Creek, whether this is from migratory fish prior to the diversion construction or 
human translocation after the diversion construction is unknown.   
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The small population sizes, isolation by the water diversions, and limited amount 
of habitat above the diversions within the NFLSR drainage create an opportunity for 
population bottlenecks.  I found evidence of only one significant bottleneck in the NFLSR 
drainage; this was within Rhodine Creek.  The significant bottleneck signal maybe a 
spurious effect, as there is no natural barrier (waterfall, cascade) present between 
Rhodine and NFLSR (Nathan Cook; personal communication).  The population within 
Harrison Creek has a marginally significant bottleneck (Table 8). I believe Harrison Creek 
is most likely to be influenced by the barriers because prior to the isolation, the 
available habitat was relatively extensive. The diversion effectively cut the available 
habitat within the tributary by more than half leaving only 0.85 km of stream above the 
diversion (Figure 2). Harrison Creek is highly differentiated from the rest of the drainage 
(Table 7) and it is unknown whether this is an effect of the tributary itself or if the 
differentiation and lack of genetic diversity is due effects of isolation by the diversion 
structure.   
In this study there is little evidence bottlenecks have occurred in the NFLSR 
drainage. The lack of observed bottleneck evidence could be due to the recent isolation 
(Luikart et al. 1998a; Cristescu et al. 2010) as genetic consequences of a bottleneck take 
several generations to appear (Luikart et al. 1998a).  The populations within the NFLSR 
drainage have only been isolated by human actions since 1964 (stage I) and 1983 (stage 
II), which for cutthroat trout represents only 6 to 10 generations (Downs et al. 1997). 
My failure to identify a bottleneck is therefore not surprising given the relatively short 
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time since these populations have been isolated (Neville et al. 2006b), but provides a 
baseline for future bottleneck analysis.    
  The most concerning baseline information in the NFLSR drainage is the effective 
population sizes within the isolated tributaries. An effective population size of at least 
50 individuals is required for short-term persistence of a population, and at least 500 
individuals are required for long-term persistence (Franklin 1980).   In the NFLSR 
drainage, none of the current populations meet this standard for long term persistence 
(Table 9). The confidence bounds for the effective population size estimations for 
NFLSR, Rhodine, Third, and Ted is less than 50 individuals (Table 9).  
The 50/500 rule is based on the premise that the effective population size is 
around 20% of the population census size (Franklin 1980).  However, isolated 
populations commonly have low effective population size to census size ratios, often 
below 0.2 (Frankham 1995).  The low Ne/N ratios in the NFLSR drainage suggests that in 
order to support enough individuals for long-term persistence the genetic diversity in 
the system needs to increase or more habitat needs to be made available. Hilderbrand 
and Kershner (2000) suggest that for long-term persistence a population size of 2,500 
individuals need greater than 8 km of stream. These numbers are likely unachievable in 
the NFLSR drainage as currently configured.  Even 1,000 individuals in any of these 
stream segments would be a lofty goal and a Ne/N ratio close to 0.5 would be needed to 
maintain genetic diversity for long-term persistence.  Although some populations can 
remain genetically stable above barriers for many generations (Whiteley et al. 2010), 
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this seems highly unlikely to occur in the NFLSR drainage due to the lack of available 
stream lengths (0.85 km – 6.1 km) upstream of the diversions. The effective population 
sizes and census sizes (Cook et al. 2010) are worrisome.  These populations need to be 
monitored closely for changes in population size.   Population extinction is most likely to 
occur in Harrison, Third and Ted Creek because they have the lowest effective 
population sizes and the least amount of habitat available upstream of the diversions.  
 
Conclusions and Management Considerations 
This study established baseline genetic data and analysis to give fisheries 
managers within the NFLSR drainage a tool to monitor and preserve these populations 
into the future. There is currently genetic diversity within the populations and genetic 
differentiation among populations. Although the genetic diversities within the 
populations are low, the high genetic differentiations among populations suggest that 
each population may have its own unique contribution to the evolutionary value for the 
drainage as a whole and each are important to conserve into the future. The extremely 
low genetic diversities within West Branch and Standard due to a natural barrier are 
examples of the effects of long term isolation on genetic diversity without the 
supplementation of genetic variation.  The current configuration of isolated tributaries 
will likely cause the genetic differentiation to increase through time due to genetic drift 
and a lack of gene flow.  Isolation in combination with small population sizes is the 
greatest threat to the long-term persistence of these populations.  
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There are two options fisheries managers can take. The first option is to do 
nothing. This will most likely degrade the evolutionary value of the populations in the 
short-term and lead to extinction in the long-term. In the short-term the diversions will 
continue to isolate these populations. If nothing is done the genetic diversity within 
populations will continue to decline, genetic differentiation among tributaries will 
increase, and populations in some of the tributaries may go extinct. The second option 
is to actively manage the populations to maintain the evolutionary value into the future. 
If managers choose to actively manage to preserve these populations into the 
future several considerations need to be taken into account including; (1) what barriers 
will exist in the future and (2) the genetic makeup of the Colorado River cutthroat 
populations downstream of the diversions.  In this study, only the populations upstream 
of the diversions were analyzed because of their high priority compared to the 
downstream populations that have been affected by non-native invasions. However, the 
populations downstream, from the diversion structures to the weirs on NFLSR and West 
Branch (Figure 1), were determined to be genetically pure (Cook 2010). 
 Based on the results of this study, I recommend that the first step in 
conservation of these populations is to establish baseline genetic data at the drainage 
scale which includes populations below the diversions. Knowing the genetic structure 
below the diversions may answer key questions that were raised but not answerable in 
this study such as: How is the drainage structured in the absence of barriers? How do 
the genetic differentiation and genetic diversity differ above and below the barriers? 
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Within a tributary, how similar are the populations above and below the diversion? 
Once a baseline genetic structure is established for the NFLSR drainage, future steps can 
be taken.    
Continued isolation of the populations above the diversion structures will 
eventually lead to loss of evolutionary value or extirpation of populations in some of 
these tributaries. Translocation between tributaries within the drainage may be an 
option to increase genetic diversity as a short term solution for the populations above 
the diversions. Only one migrant per generation is needed to maintain the genetic 
diversity (Mills and Allendorf 1996). If translocation is used the genetic diversity of the 
populations would have to be monitored closely for changes because if the translocated 
fish do not breed in the areas to which they are relocated this option will further 
decrease genetic diversity.  
The best solution to promote the long term persistence of Colorado cutthroat 
trout in this drainage is to reconnect these populations. This is could be accomplished 
through fish passage around the diversion structures and would be justified if the 
cutthroat trout below the barrier have still retained the genetic legacy of the drainage.  
Until a baseline genetic structure can established for the drainage, these 
populations need to be monitored carefully to insure that future demographic and/or 
environmental stochastic events, which have the potential to cause quick and severe 
genetic changes, do not cause extirpation of the populations within the NFLSR drainage. 
Populations most at risk are Harrison, Third, Ted, and Standard.  
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This study occurred after only 6-10 generations of isolation. Given the 
generational time-scale for this species this study should be repeated within the next 10 
years to continue to monitor the genetic changes within the drainage. Demographic 
monitoring should be done every 2 to 5 years so that any severe changes in population 
size can be recorded to monitor population persistence. The accidental conservation 
isolation that has occurred in the NFLSR drainage has given fisheries managers a chance 
to conserve the evolutionary value of each of these populations into the future.  
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